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derstanding magmatic processes. Additionally, quantitative measurements of different volatile species using FTIR
can be achieved at high spatial resolution. Recent developments in analytical equipment such as synchrotron
light sources and the development of focal plane array (FPA) detectors allow higher resolution measurements
and the acquisition of concentration maps. These new capabilities are being used to characterize spatial gradients

Volatiles (or lack thereof) around bubbles and other textural features, which in turn lead to new insights into the behavior
of volcanic feeder systems. Here, practical insights about sample preparation and analysis of the distribution and
speciation of volatiles in volcanic glasses using FTIR spectroscopy are discussed. New advances in the field of FTIR
analysis produce reliable data at high spatial resolution that can be used to produce datasets on the distribution,
dissolution and diffusion of volatiles in volcanic materials.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction with high spatial and quantitative resolutions (e.g. Devine et al.,, 1995;

Volatiles are the driving force behind volcanic eruptions (Sparks,
1978). Dissolved volatiles drastically change the physical and chemical
properties of silicate melts and magmatic rocks (Hess and Dingwell,
1996). Therefore, high spatial and quantitative resolutions are essential
for understanding volcanic and magmatic processes from melting of
the mantle wedge to the growth of bubbles in volcanic eruptions
(e.g. Cashman and Sparks, 2013; Lowenstern, 1995; Plank et al.,
2013; Wallace, 2005). Specifically, the spatial distribution of vola-
tiles in volcanic glasses records diffusion processes and can provide
a quantitative estimate of the timescales and temperatures of hydration
or dehydration mechanisms; such as the growth of bubbles (Castro
et al., 2005; Kennedy et al., 2010; McIntosh et al., 2014; Watkins et al.,
2012), lifetime of diffusion pathways in high-temperature melts
(Berlo et al., 2013; Cabrera et al.,, 2010; Castro et al., 2012), hydration
of archeological artifacts (Liritzis and Laskaris, 2011; Stevenson and
Novak, 2011) and natural volcanic glasses (von Aulock et al., 2013), or
the formation of crystals (Castro et al., 2008; Gardner et al., 2012;
Seaman, 2013; von Aulock et al., 2013; Watkins et al., 2008). Further-
more the analysis of volatiles dissolved in glassy melt inclusions is the
main tool used to constrain the volatile contents of magmas and assist
in the understanding of deeper magmatic processes (e.g. Wallace,
2005). For example, volatile contents of a population of glassy inclu-
sions and groundmass record changes in volatile concentrations over
time, temperature and pressure, and comparison between and among
them can help to establish models of degassing during magma ascent
(Gonnermann and Manga, 2005; Mormone et al., 2011; Newman
et al,, 1988; Rust et al., 2003).

Numerous studies discuss analytical tools that can be used to mea-
sure volatiles in volcanic rocks (e.g. Cherniak et al., 2010; Devine et al.,
1995; Ihinger et al., 1994). Methods for analyzing H,0 and CO, include:
Fourier transform infrared spectroscopy (FTIR; the focus of this review
article) (Behrens et al., 1996; Nichols and Wysoczanski, 2007; Stolper,
1982a, 1982b), secondary ion mass spectrometry (SIMS) (Delaney and
Karsten, 1981; Hauri et al., 2002; Hervig et al., 1989, 2003; Kilgour
et al,, 2013), Raman spectroscopy (Behrens et al., 2006), Karl Fischer ti-
tration (Turek et al., 1976; Westrich, 1987), thermo gravitational analy-
sis (TGA) (Applegarth et al., 2013; Denton et al., 2009), and electron
backscatter methods (Berlo et al., 2013; Humphreys et al., 2008;
Mclintosh et al., 2014). Apart from availability, funding and other per-
sonal considerations such as the experience of the user, there are specif-
ic strengths and drawbacks to each analytical method.

Fourier transform infrared (FTIR) spectroscopy measures the funda-
mental vibrations and associated overtones of the chemical species
present in a sample in the infrared region of the electromagnetic spec-
trum. FTIR instrumentation is comparatively simple (unless a synchro-
tron source is used) and can deliver accurate and precise measurements

Ihinger et al.,, 1994; Newman et al., 1986; Stolper, 1982a, 1982b;
Zhang, 1999). Specifically, a spatial resolution down to 3 um can be
achieved (Della Ventura et al., 2014; Miller and Smith, 2005). Discrimi-
nating different bonds in hydrous compounds is one of the major
strengths of FTIR analysis and allows the quantification of hydrous spe-
cies to determine equilibration timescales (Zhang et al., 2000) and rec-
ognize effects of low temperature hydration (Dixon et al.,, 1995).
Depending on the absorption bands investigated and the sample thick-
ness, the detection limit can be as low as 10 ppm for hydroxyl groups,
molecular water or total water (at 3570 cm™ ') and 25-50 ppm for C
as carbonate and as low as about 2 ppm for molecular CO,. These values
are only rough estimates based on experience and depend largely on
other properties of the sample such as thickness and optical properties
as discussed later. A major drawback of this method is related to sample
preparation, which, in most cases requires a doubly polished, thin, un-
supported wafer. Sample preparation can be challenging for very
small samples (such as melt inclusions), fragile samples such as pum-
ices or perlites, and for samples that need to be polished to very thin
wafers. The measured values are directly proportional to the thickness
and water content of the sample and for very thin samples the quality
of the thickness measurements is often the biggest limitation to the
accuracy of quantitative measurements.

Secondary ion mass spectrometry (SIMS) uses an ion gun to emit
secondary ions from the surface of the analyzed material, and the sec-
ondary ions are then collected by a mass analyzer. Samples only need
to be polished on one side. Both the spatial resolution and detection
range can be extremely high on the micrometer scale with detection
limits down to parts per million (ppm) (Cherniak et al., 2010; Hauri
et al., 2002; Hervig et al., 2003). Accurate quantitative measurements
require careful calibrations (often done in reference to FTIR data) and
the matrix effects of natural glasses can be complicated, requiring stan-
dards of similar chemical compositions. A limitation of this method is
that the characterization of water speciation is not possible (Hervig
et al,, 2003; Ihinger et al., 1994), but the SIMS method is capable of an-
alyzing the hydrogen and carbon isotope ratios (e.g. Shaw et al., 2008).

Raman spectroscopy is based on molecular vibrations caused by the
scattering of light from a sample (Ihinger et al., 1994). The use of a co-
herent light source (i.e., a laser) allows for higher spatial resolution
than conventional FTIR, and calibrations for quantitative measurements
are rapidly improving (e.g. Behrens et al., 2006; Di Muro et al., 2006; Le
Losq et al., 2012). Before Raman spectroscopic measurements can be
used as a reliable quantitative method, combined studies with FTIR
are necessary to provide a reliable calibration.

A way of determining bulk water concentrations without the use of
spectroscopic methods is to force complete degassing by heating the
samples to high temperatures in a furnace. The released gas can then
be detected by quantitative methods with low detection limits via Karl
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Fischer titration (e.g. Turek et al., 1976; Westrich, 1987) or by thermo-
gravimetric methods, wherein weight loss during heating may be
accompanied by exsolved gas analysis using mass spectrometry
(e.g. Denton et al., 2009), or by vacuum manometry. These techniques
have commonly been used in calibrating the FTIR method for analysis
of volcanic glasses (Ihinger et al., 1994). The advantages of this method
are that it is inexpensive as it does not require sophisticated instrumen-
tation and sample preparation. Also, the degassing temperatures poten-
tially contain information about volatile species degassing patterns
(Applegarth et al., 2013; Tuffen et al., 2012). However, the processes
of degassing at high temperatures are not yet fully understood, nor
are the impacts of sample preparation. The discrimination of water or
carbon dioxide from other volatiles such as halogens can be difficult.
Further disadvantages of this method are that it also measures adsorbed
volatiles and the contents of fluid inclusions and minerals, in addition to
the volatiles dissolved in the glass, and the method is also sample
destructive.

Backscattering of atoms at the surface in nuclear microprobes used
in elastic recoil detection (ERD) or Rutherford backscattering (RBS)
can produce accurate and precise measurements of hydrogen contents
in volcanic glass. For example, the study of Bureau et al. (2009) gives a
limit of 4 x 16 um? as a maximum spatial resolution and 94 ppm as a de-
tection limit. Recent studies show promising results in the use of back-
scatter electron analysis for measuring water concentrations in volcanic
glass (Humphreys et al., 2008; McIntosh et al., 2014), but matrix effects
and the impact of the polishing quality are not fully understood, there-
fore analyses have to be treated as qualitative. A nuclear microprobe
technique has been used to analyze C in glasses using the '2C(d, p) *C
nuclear reaction (Spilliaert et al., 2006; Varela and Metrich, 2000;
Varela et al., 2000). The minimum detection limit for carbon varies
from 40 to 15 ppm, and the uncertainty (10) using reference basaltic
glasses containing 300 and 100 ppm of carbon is 10%.

Despite a number of analytical methods being suited for volatile
analysis in volcanic glasses, funding and availability often limit the
choice. FTIR spectroscopy is a widely available, well-documented meth-
od and is, therefore, preferred by many scientists. The list of methods,
however, is constantly growing, which makes it important to review
the choice of analytical method regularly based on recent developments
in literature and technology. Detailed reviews of the analytical methods
mentioned exist as overview chapters (e.g. Cherniak et al., 2010; Della
Ventura et al., 2014; Thinger et al., 1994). Comparatively, the increasing
possibilities for volatile analysis and the increasing body of literature
available on analytical FTIR techniques make this an ideal method for
many applications when measuring volatile contents of volcanic glass.
In the following sections, we provide an overview of recent techniques
and developments in FTIR and share our practical experience in sample
preparation, measurement and analysis of the resultant data.

2. Fourier transform infrared spectroscopy
2.1. Absorbance spectroscopy

Infrared spectroscopy is based on the absorption of light due to char-
acteristic vibrations of molecular species in the infrared spectral region.
The Beer-Lambert Law (also called Bouguer-Beer-Lambert Law or simply
Beer's Law) states that the absorbance A (dimensionless), which is the
common logarithm of the ratio of the intensity of transmitted light I (di-
mensionless) over incident light Iy, is proportional to molar concentra-
tion ¢ (mol-1~"), path distance of the light through the sample I (cm),
and a constant, e (L-mol~!-cm™!), the molar absorptivity of the sample.

A:—logmé:e-lf. (1)

Absorbance therefore is dimensionless, [ is in cm, € is in
L-mol~'-cm™", and concentration expressed as the molar concentration

(mol-171). In Earth sciences, mass fractions (w in kg-kg™!) are more
practical, which leads to:

_AM

W e-l-p

2)

with M as the molar mass (in g-mol ™) of the absorber and p as the den-
sity (in kg-m~3). For quantitative measurements, the absorbance, densi-
ty, thickness and the molar absorption coefficient of a sample are needed
to determine the weight fraction of a substance such as water in a sample
by infrared spectroscopy. In FTIR, all wavelengths of the spectral area are
created by a Michelson interferometer and the produced interferogram is
transformed into a spectrum by a Fourier transformation. In a Michelson
interferometer, the incoming beam of light passes through a half translu-
cent mirror (i.e. the beam splitter) and interferes with the incoming
beam while the additional beam path oscillates. This creates an interfer-
ence pattern of the wavelengths of interest within a short period of
time. In contrast to a prism, the light does not have to pass through a
small slit and the intensity of passing light remains high. Further, one in-
terferogram contains absorbance data across the whole spectral region,
and a set of tens of scans can be performed in seconds to minutes; the ab-
sorbance of all relevant species can therefore be measured at high signal-
to-noise concurrently. For more specific information, Cherniak et al.
(2010) and Thinger et al. (1994) cover the basics of FTIR spectroscopy in
more detail.

2.2. Absorbance

The characteristic vibrations of H and C species are usually elucidat-
ed by the absorption of light in the region of near- and mid-IR (at
wavenumbers of 1400-8000 cm™'). The vibrations of the volatile spe-
cies can either be bending or stretching, or a combination of the two
in two (e.g., OH™ and H,0) or three dimensions (e.g. CO3 ™), resulting in
several peaks in an absorbance spectrum (see Fig. 2 and e.g. Nakamoto,
2006). In addition, vibrations show overtones at higher wavenumbers
in the near-IR region (see Fig. 2). These overtone peaks are usually
weaker (at constant volatile concentrations and thickness) and, in
glasses, typically less convoluted than the absorption peaks in the
mid-IR region (making them the preferred bands for quantitative mea-
surements of species at high volatile contents if the background in the
near-IR are well fit). The absorbance of each peak is measured by measur-
ing the maximum difference between the peak and a baseline, or the area
between the peak and a baseline. Baseline choice depends on the type of
baseline used in constraining the chosen epsilon value. The most widely
used is a linear baseline between the minima on each side of the peak. It
is the easiest to define and most reproducible between workers. Howev-
er, in steep areas and on shoulders, such as around the CO3 ™ peaks, it can
be difficult to apply. Alternatively, baselines have been defined with a
flexicurve (Di Matteo et al., 2004; Zhang et al., 1997), curve equations
(e.g. Dixon et al., 1995) and using degassed samples that are otherwise
equivalent to those being analyzed (e.g. Dixon et al., 1988).

2.3. Density

Water has a significant influence on the density of glasses (Ochs and
Lange, 1999) and for water contents different to the measured glass or
standard material with literature values the final glass density has to
be calculated by iteration. The density of natural glasses can be modeled
using the equations given by Lange and Carmichael (1987); Lange
(1997), a model for silicate melts at high temperatures, by extrapolating
to room temperature. Partial molar volumes can also be used from Ochs
and Lange (1999). Densities of silicate glasses are complex and a num-
ber of factors have to be considered (Ardia et al., 2014; Ochs and
Lange, 1999; Richet et al., 2000). Measurements can be used to verify
bulk densities and Archimedian methodologies such as in Richet et al.
(2000) and Lange and Carmichael (1987) are very precise and accurate.
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Fig. 1. Example of the use of absorbance on the 1830 cm ™' band for determining rhyolite
glass thickness. Method, baseline fitting, and correlation between absorbance and thick-
ness following Miwa and Toramaru (2013). Example is a rhyolite obsidian from the
2008 obsidian dome at Volcan Chaitén (Chile). Top panel shows apparent glass thickness
as determined from the 1830 cm ™' that represents vibration of Si— O bonds. Bottom panel
shows transmitted light photomicrograph of sample and absorbance on the 3550 cm ™!
H,0 peak. Note that fluctuations in the determined thickness correspond to identifiable
impurities and/or obstacles in the beam path (bubbles and crystals), so that the precision
at each spectral measurement point is higher than with the digital micrometer (average
thickness ~ 50 pm). However, thickness measurements are subject to edge effects at com-
ponent margins, and also to fluctuations in an automatically-fitted baseline (OPUS soft-
ware package), so that some caution is required when interpreting the results.

A lot of standard laboratory scales can be modified for this purpose with
readily available accessories that are user friendly.

2.4. Thickness

Thickness measurements are a major concern for thin samples as
this can possibly introduce large errors in quantitative measurements

Near IR

(see Egs. (1) and (2)). The most common methods for determining
sample thickness are:

 Use of micrometers or digital displacement gauges: These are proba-
bly the most common ways to measure thickness, with a maximum
accuracy of 4-2-3 um. The main issue with these is that the pointed
tip of the micrometer can break the sample if not used carefully. In ad-
dition, if the sample is very porous the tip can sink into the sample,
both damaging it and making the measurement unreliable. By using
a flat tip, this can be avoided, however, this will only measure maxi-
mum thickness in contact with the tip. It is also not confined to a
small spot on the sample, and thus may not necessarily match to the
position of the data collection. Nevertheless, for thick samples this is
the most reliable and quickest method of gauging sample thickness
and should also be performed as a reference measurement on all
samples.

Interference fringes: When using FTIR spectroscopy, counting the
spectral fringes that are produced by interference of the primary
source of light and the light of internal reflections within the sample
allows the thickness to be accurately determined. Nichols and
Wysoczanski (2007) determined a maximum standard derivation of
=~ 3 pm when compared with measurements with a digital displace-
ment gauge. For a lot of samples, the internal reflections in the sample
wafer are sufficient when measured in transmission mode, however, a
higher signal-to-noise ratio of the interference fringes can be achieved
when the sample is placed on a gold backing plate (to create a highly
reflective surface for background measurements) and reflectance
mode is used. The number of fringes can then be counted in a spectral
region showing no chemical absorptions, for example with these sam-
ples the region between 2000 and 2700 cm™~ ! is commonly used, and
the thickness determined using the following relationship:

m
d= 2n(v1—12) 3)

where m is the number of waves in a selected wavenumber range, n is
the refractive index (dimensionless) of the sample and v1 and v2 (in
cm!) are the highest and lowest wavenumbers respectively defining
the selected interval (Wysoczanski and Tani, 2006). The largest con-
tribution to error in these measurements is caused by the estimation
of the refractive index (Nichols and Wysoczanski, 2007). This method
can however be successfully used for glassy, well polished samples of

Mid IR
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Fig. 2. Spectra of volcanic glass in the near- and mid-IR regions. The near-IR curve of a rhyolitic glass (brown) with total water contents of = 4.3 wt.% shows the overtone and combination
bands of hydroxyl and water. This is a thicker sample and therefore the absorbances are higher compared to the other curves. The mid-IR curves of basalt all show different contents in
water and carbon dioxide species. The gray curve shows typical interference fringes in reflective mode.

This curve is adapted from Nichols and Wysoczanski (2007).
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about 5-150 um in thickness, where precision is higher for measure-
ments of samples <100 pm (von Aulock et al., 2013). Commercial
software such as OPUS by Bruker implements tools to automatically
determine thicknesses based on interference fringes. This makes it a
convenient method for the evaluation of large quantities of data in
maps of samples with variable thickness. However, the peak count is
highly dependent on the noise in the analyzed spectra and automatic
data analysis might not provide sufficient control and transparency
for scientific applications on natural samples.

Calibrated microscope stages: z-calibrated stages of microscopes with
visible-light capability can make very precise measurements of sam-
ples of almost any thickness, by measuring the vertical displacement
between the focused surfaces of the wafer. Calibrations should be per-
formed regularly to eliminate drift.

Optical profilometers, which use interferometry and/or confocal mi-
croscopy to analyze surface topographies of small samples are com-
mercially available, such as the Leica DCM 3D series and can have a
vertical resolution of <4 nm (Ventura et al., 2012).

Thickness determination using Si—O stretching on 1830 cm™':
(Miwa and Toramaru, 2013) presented a calibration of thickness mea-
surements that use the linear relationship between absorbance near
the 1830 cm™ ! band and the vibration of Si— O bonds in the glass
(Zhang et al., 2002). By cross-correlation with thickness determined
by reflectance interference fringes and digital micrometer, they deter-
mined the following relationship for thickness in an obsidian glass
(Miwa and Toramaru, 2013):

d = 0.0340 =+ 0.0006Abs g3 (4)
This technique has several limitations. It is not applicable to basalts,
especially those that are hydrous, because the 1830 cm™ ! is subordi-
nate to, and partially overlapping with, the OH™ band at 1630 cm ™',
and has only been calibrated for one obsidian sample over a H,O con-
tent range of 0.01 to 0.66 wt.% (Miwa and Toramaru, 2013). It does,
however, have the potential to be very useful for automatic thickness
determinations in high-SiO, glasses for several practical reasons. First-
ly, the main strength of using reflectance to determine thickness is
gained by having the reflectance interference fringes collected from
the exact same analytical spot as the transmitted spectra; however,
it may not always be possible to rapidly shift between transmitted
and reflected modes on a given FTIR microscope. While quick change-
over is possible on many desktop micro- and FPA-FTIR systems, the
switchover is not straightforward on many synchrotron systems.
Being able to use the 1830 cm™ ! band on the transmitted light spectra
thus circumvents the need to collect two types of FTIR spectra. For in-
dividual spot analyses, manual selection does not pose a major prob-
lem, but for FPA or map analyses, the number of spots makes manual
correction of each spectrum impractical. Conversely, the measure-
ment of peak absorption on a linear baseline — as is used in the
1830 cm ™! thickness determination allows automatic visualization
of sample thickness variation just as one would automatically visual-
ize volatile species distributions by selecting the appropriate peaks. In
principle the volatile peaks in each spectrum within an FTIR image can
be normalized to the 1830 cm™! peak using the software, producing
an image that represents concentration, assuming compositional ho-
mogeneity, and not just absorbance.

However, recent tests on a Chaitén (Southern Chile) low-vesicularity
obsidian sample at the Australian Synchrotron that included traverses
through obsidian glass and across bubbles and small clinopyroxene
phenocrysts reveal potential issues (Fig. 1). Applying an automatic de-
termination of sample thickness using the 1830 cm™ ! peak with
OPUS® software package does effectively yield a bulk thickness across
clear portions of glass, but it does not clearly delineate the presence
and size of the bubbles and/or clinopyroxene crystals (e.g. Fig. 1). In-
stead, the transmittance spectra deviate from linear baselines due to
refraction about the non-orthogonal edges of the feature, causing
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artifacts in the thickness determinations, and the Si— O bonds in the
clinopyroxene contribute to the absorbance on the 1830 cm™! peak.
These are important observations, because Miwa and Toramaru
(2013) originally employed the 1830 cm™ ! technique to determine
effective glass thicknesses that eradicated the effects of microlites in
the beam path, but the example shown in Fig. 1 suggests that this
may not be an appropriate use of the otherwise valid technique. The
use of the 1830 cm ™! vibrational signature of Si— O bonds holds a
great deal of promise for automated thickness determination of
high-Si0, glasses, but requires further development and careful appli-
cations to compositions different to those used for calibration by
Miwa and Toramaru (2013).

The thickness of melt inclusions can be measured by these techniques
as long as they are exposed on both sides and there is no contamina-
tion from the host crystal in the FTIR spectra (Mormone et al., 2011).
However, owing to their small size, it is often difficult to expose an in-
clusion on both sides. In order to ease sample preparation and dra-
matically increase the number of inclusions that can be targeted for
FTIR analysis, several techniques have been developed to determine
the thickness of partially exposed or unexposed inclusions.

Firstly, the thickness of melt inclusions can be measured by mounting
the edge of a doubly polished wafer of the host crystal on to a needle
using epoxy and immersing the wafer into a cylindrical glass well
filled with refractive index liquid (Wallace et al., 1999). This allows
the crystal to be rotated and viewed parallel to the flat dimension
under a microscope with a calibrated eyepiece, thereby allowing a
direct measurement of the thickness. These measurements have an
accuracy of =1 to =3 um, depending on how close a given inclusion
is to the edge of the wafer. This method is time consuming, however,
and very difficult to use with wafers that are thinner than ~ 60 pm.
If the above technique proves impractical due to the difficulty of han-
dling small crystals, Befus et al. (2012) provide an alternative, which
they term the X-Y proxy method. Inclusion thickness is approximated
to the average of the horizontal (X-Y) dimensions of the inclusion.
The major assumption of this method is that the inclusion has a regu-
lar polyhedral shape. This technique has been developed on inclu-
sions hosted in quartz, but the principle should be applicable to
inclusions in other host minerals, although checks are required.

The thickness of unexposed melt inclusions hosted in olivine can
be measured indirectly using the technique of Nichols and
Wysoczanski (2007). This involves firstly taking FTIR spectra through
the unexposed, or partially exposed inclusion. The olivine present in
the beam path will cause peaks on the spectra between 2000 and
1600 cm~! due to Si—O overtone and combination bands. Then,
without rotating the crystal, a second analysis is performed on the
host olivine with no inclusion or groundmass glass in the beam
path. The height of the peak at 2000 cm™ ! within the Si— O overtone
and combination bands is proportional to the amount of olivine in the
beam path. By comparing the heights of this peak with and without
the inclusion in the beam path, the proportion of the overall thickness
made up by the inclusion can be calculated. Then, using the overall
thickness of the crystal wafer at the points the spectra were taken,
measured either directly, using a micrometer needle or a calibrated
microscope stage, or indirectly, using interference fringes, the thick-
ness of the inclusion can be calculated. The major drawback of this
technique is that the Si— O overtone and combination bands of the ol-
ivine overlap with the molecular H,0 peak at1615 cm™'. Thus if in-
clusion spectra are contaminated with olivine, molecular H,0, and
thus speciation, cannot be resolved. This method has been successful-
ly applied to olivines (Nichols and Wysoczanski, 2007) and quartz
(Befus et al., 2012). A similar technique is used by Agrinier and
Jendrzejewski (2000) who rewrite the Beer-Lambert equation to in-
corporate the difference between the absorbance at 1710 cm~ ! and
the absorbance at 2234 cm™ ! as a proxy for the sample thickness.
They apply this technique successfully to basaltic glass but advise cal-
ibration of the method with a standard for other glass compositions.



FEW. von Aulock et al. / Lithos 206-207 (2014) 52-64 57

2.5. Dealing with microcrystalline glasses

One issue with micro-FTIR is encountered when natural glasses con-
tain small microlites of anhydrous phases. These can occur as discrete
crystals in otherwise transparent amorphous glass, or as dense net-
works of tachylite glasses that nearly opaque, and are better described
as networks of interlocking microcrystals with interstitial amorphous
material, than pure glass. Traditionally, these common types of glasses
are excluded from micro-FTIR analysis, although there have been sever-
al attempts to deal with this complexity. Semi-opaque glasses often
have elevated baselines at high wavenumbers that can make spectra ap-
pear noisy, but that do not actually affect the heights of H,O; peaks in
the mid-IR range, as diligently tested by Nichols et al. (2009) during dif-
ferential scanning calorimetry experiments. This means that volatile
abundances can be measured in such glasses as long as care is taken
to correctly interpret the data: that is, to recognize that the H,0
contained in the bulk material is dissolved only in the residual glass por-
tion of the material, not in the anhydrous microlites that make up a (po-
tentially significant) proportion of the total sample thickness.

If the geological problem at hand requires only an estimate of the
bulk volatile content of an opaque or microlite-bearing glass, micro-
FTIR can be applied largely in the same way as for a hypocrystalline
glass. Volatile distributions in these cases will represent bulk distribu-
tions resulting from the opposing and coupled processes of vesiculation
and crystallization (e.g. Schipper et al., 2012). Alternatively, if the given
geological application requires knowledge of the volatile contents in the
residual domains of glass, the microlites must be removed from the total
thickness of the sample to yield an effective thickness that is essentially
the linear proportion of the thickness that is occupied by residual glass.
Two methods for dealing with this issue have been applied. Miwa and
Toramaru (2013) applied the 1830 cm ™! Si— O absorbance technique
(see above) to microcrystalline vulcanian glasses under the assumption
that absorbance would only be from glass in the beam path. The alterna-
tive approach has been to measure sample total thickness by a conven-
tional method (usually micrometer), and then to subtract the
proportion of microlites ( £ vesicles), as determined by backscatter elec-
tron SEM images on the regions of analysis (Hammer et al., 1999;
Wright et al., 2007). These methods show promise, but require care in
implementation and could benefit from rigorous testing.

2.6. Molar absorption coefficients

The molar absorption coefficient, ¢, relates to the chemistry of the
analyzed glass. Strictly speaking, € should be determined for every sam-
ple. In most cases literature values for similar chemical compositions
provide sufficient accuracy (see Table 1). If a new value ¢ has to be esti-
mated, the volatile mass fraction in the glass needs to be measured by
direct quantitative analytical methods such as Karl Fischer titration,
RBS or H manometry. Any errors in the measurements of mass fraction,
thickness or density will result in inaccuracies in € and therefore be car-
ried through all following measurements. Estimating absorption coeffi-
cients from equilibrated volatile species as reviewed by Cherniak et al.
(2010) should only be used when volatile species ratios are well con-
fined such as in some synthetic samples. Since the review article
about volatile analysis in magma was released by [hinger et al. (1994),
a broader range of chemistries have been covered by reference mea-
surements with a variety of analytical methods. Values for the ¢ exist
for a range of compositions. Table 1 provides a summary of values for
reference. The error for molar absorption coefficients varies depending
on the way it was determined. Highest precision of the values in
Table 1 are estimated for the values of the band at 3570 cm™! at a me-
dian standard derivation of &2 1mol~' cm™ . Absorption coefficients of
other bands show higher derivation in the listed studies of usually
around 4-8 1mol~' cm™ ! and therefore, these literature values contrib-
ute most to the overall error of FTIR measurements on most volcanic
glasses according to Agrinier and Jendrzejewski (2000). This also

depends on the quality and thickness of the sample as well as on the
methods used to determine the other parameters of the Beer-Lambert
law.

3. Different modes of FTIR measurements
3.1. Transmission vs reflection FTIR spectroscopy

3.1.1. Transmission FTIR spectroscopy

Transmission FTIR spectroscopy is the most commonly used meth-
odology for micro-FTIR applications in geological as well as in biological
and chemistry applications. The data analysis is based entirely on the
Beer-Lambert law (see Eq. (1)). As long as it is possible to prepare
plane parallel, doubly polished thick section of appropriate thickness,
transmission FTIR produces results that are less prone to instrumental
variability, have a higher signal-to-noise ratio and can be used at higher
spatial resolution. There is also a wider range of literature values for ¢
available.

3.1.2. Reflectance FTIR spectroscopy

To obtain the volatile content of samples that are difficult to polish
on both sides (e.g. melt inclusions) with FTIR spectroscopy, samples
can be studied using reflected light from the surface of a sample
(Hervig et al., 2003; King and Larsen, 2013) or by using Attenuated
Total Reflection (ATR) methods (Lowenstern and Pitcher, 2013). How-
ever, these methods only examine the surface of the sample and scatter-
ing effects can be difficult or impossible to correct for. In both reflection
modes, the signal-to-noise ratio is smaller compared to transmission
FTIR. This can be compensated by opening the aperture with the spatial
resolution, and this makes the technique only applicable with larger
melt inclusions or glassy samples. To account for instrumental variabil-
ity in reflectance measurements, the peak at 3650 cm™ ' can be normal-
ized to the background at ~4000 cm~' (Hervig et al., 2003). To
calculate the mass fraction of water in the sample, the calibration by
Johnson et al. (2011) can then be used. The results in Johnson et al.
(2011) show that data from reflectance measurements are
overestimated by ~0.4 wt.% H,O (see Fig. 3) compared to transmission
mode FTIR. The reflectance method has also proven useful for analysis of
high pressure experimental charges (Weaver et al., 2011, 2013; Weber
et al.,, 2011) or bubble evolution experiments (Mongrain et al., 2008).

3.2. Near-IR versus mid-IR

In most cases, the amount of water in the sample dictates which ab-
sorption band to use for analysis (see Fig. 5). Sample thicknesses have to
be prepared accordingly to ensure high signal-to-noise ratios. As
discussed earlier, high resolution imaging of water is not possible with
low volatile concentrations, as this requires thick wafers where small
textural features within the thickness of the sample can create apparent
water heterogeneities (see Fig. 4).

Thin samples that could produce interference fringes within the
spectra can also make analysis difficult. This is especially the case in
the mid-IR region around 2500 + 500 cm ™!, and makes the selection
of an appropriate baseline for integration and quantification of the
water in a sample difficult. If an aperture is used (i.e. in any method
with conventional detectors), the diffraction limit of the measurements
at low wavenumbers (<2000 cm™ ! Miller and Smith, 2005) limits the
spatial resolution. If an FPA detector is used, higher spatial resolutions
are not limited by the diffraction of long wavelengths (Miller and
Smith, 2005). FPA detectors are mostly available for the mid-IR region,
and similarly synchrotron sources are often set up for mid-IR measure-
ments due to of a wider user base and the lower diffraction limit at the
shorter wavelengths.
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Table 1

Overview of available extinction coefficients (¢), modified and updated from lhinger et al. (1994).
Volatile species OH H,0 H,0 OH OH H,0 OH H,0 H,0 CO, C0% C03%
Wavenumber [cm ™| 7100 7100 5200 4500 4000 4000 3550 3550 1630 2350 1500-1700 1350-1430
Newman et al. (1986) 032 0.184 1.61 1.73 1.14 1.07 100 56 55 Rhyolite
Integrated 96 83 248 341 290 350 44,000 26,300 2640
Hauri et al. (2002) 90 56 Rhyolite
Okumura et al. (2003) 75 Rhyolite
Behrens et al. (2004) 1214 Rhyolite
Okumura (2005) 1.42 1.75 Rhyolite
Integrated 285 239
Dobson et al. (1989) 0.26 88 Rhyolite
Thinger et al., 1994 1.86 1.5 80 Rhyolite
Leschik et al. (2004) 80-136 Cy,or Rhyolite
Di Matteo et al. (2004) 1.36 1.58 Trachyte
Yamashita et al. (1997) 1.6 0.94 68 Dacite
King et al. (2002) 1.08 1.15 703 40.8 271 269 Andesite
Mandeville et al. (2002) 1.07 0.79 62.32 42.3 Fe-bearing andesite
Mandeville et al. (2002) 1.46 0.89 69.21 52.1 Fe-free andesite
Stolper (1982a, 1982b) 21 0.21 1.76 0.98 0.95 095 67 67 Basalt
Dixon et al. (1988) 63 63 Basalt
Dixon et al., 1995 0.62 0.67 25 Basalt
Jendrzejewski et al. (1996) 78 Basalt
Fine and Stolper (1985) 375 375 Basalt;

Ca-Mg silicates

Cocheo (1994) 0.56 0.58 Basanite
Fine and Stolper (1985) 945 200 235 Si0,-NaAlISiO,
Integrated 25,200 24,100 16,800 glasses
Silver et al (1990) 1.87 143 Orthoclase
Silver and Stolper (1989) 1.67 1.13 70 49 Albite
Stolper et al. (1987) 199 235 Albite
Integrated 27,300 16,300
Thibault and Holloway (1994) 355 Leucitite
Silver et al. (1990) 1.13 1.12 Jadeite
Fine and Stolper (1985) 945 200 235 SiO,-Alb join

4. Sample preparation for transmission FTIR spectroscopy

4.1. Preparing your sample for optimal results

Sample preparation is the most time-consuming and important step
in assuring successful measurements using FTIR transmission spectros-
copy. A doubly polished wafer has to be prepared, where the two sur-
faces of the sample must be as parallel with each other as possible to
reduce thickness variations. For glass samples, this is usually done by
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Figure modified from GSA data repository 2011107 of Johnson et al. (2011).

cutting the sample to create a flat surface or breaking it into small
chips, polishing it on one side and then fixing it to a slide or other sam-
ple holder so the other side can be polished down to the final thickness.
For melt inclusions, the procedure is the same, but involves using a sin-
gle crystal or crystal fragment. The choice of thickness must be carefully
considered and an appropriate adhesive for mounting the sample for
polishing has also to be selected.

Vesicle

Fig. 4. Thickness issues when performing FTIR analyses on textured volcanic glass. The
chances of artifacts due to the ray path of the light, geometrical effects and/or hidden ob-
jects are higher when measuring through a thick section rather than a thin section.
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Fig. 5. Thickness estimations to consider before sample preparation. This is a rough estimate of ideal absorptivities for rhyolitic samples at different volatile concentrations and thicknesses.
Blue: water in mid-IR, green: CO, in mid-IR, red: water in near-IR. The limits can be varied, depending on experimental setup. However, at the values between 0.2 and 0.7, signal-to-noise
ratios are the highest (Schrader, 1995). Absorptivities for more mafic materials are slightly different, however, opacity of the sample may be an issue when measuring samples of high iron

contents. Therefore, these numbers should only be considered as a rough guideline.

4.2. Thickness of the sample

To estimate the ideal thickness for a sample, its volatile content
has to first be predicted and an absorbance be calculated from that
prediction. Best results are achieved for absorbances between 0.2
and 0.7 (Schrader, 1995), but also at much higher absorbances, the
detector may receive enough light depending on the sample and in-
strumental setup. If not enough light is transmitted to the detector
(i.e., absorbances are too high), the detector may respond non-linearly
and the height of the absorbance peak will no longer be proportional
to species concentration and sample thickness. Fig. 5 shows estimated
absorbances for the most common cases of rhyolitic glasses and can
be used as a quick reference to calculate the necessary wafer thickness.
These thicknesses should only be seen as approximate values and dif-
ferent values might be more appropriate for different reasons:

If the sample shows opacity (e.g. mafic compositions), the sample has
to be thinner to achieve a sufficiently strong signal. Absorption coeffi-
cients for rhyolitic compositions in Fig. 5 only differ slightly from ba-
saltic absorption. Table 1 can be used as a rough guide for basalts as
long as the sample is not too dark.

If the sample contains crystals, cracks or vesicles, the sample may have
to be thin to avoid hidden features within the thickness of the wafer.
See Fig. 4.

Geometrical effects throughout the sample can distort concentration
patterns if the section is not cut parallel to the direction of the volatile
gradient. This can be minimized by preparing thinner wafers and
choosing locations where the distribution can be assumed to be

homogeneous throughout the thickness of the sample, and perpen-
dicular to the texture of interest (see Fig. 4).

Conversely, thin samples are problematic in three ways:

Thin samples are difficult to handle and prepare. They can easily break
or be lost.

The accuracy of quantitative measurements of thin samples largely
depends on the accuracy of thickness measurements. A nominally
small error in thickness measurements can lead to large relative errors
in composition quantification. If a sample measures 15 pm in thick-
ness, and the thickness evaluation gives an error of + 2 um, the overall
error is larger than 25%, however, at a thickness of 150 um the error is
lowered by an order of magnitude.

Large interference fringes in transmission spectra are very common in
thin wafers, obstructing spectral information.

Properties of each individual sample have to be considered when
targeting thicknesses during preparation. Heterogeneous samples and
samples with unknown water contents should be polished to thinner
wafers to keep the spatial resolution high and to avoid oversaturation
of the detector.

4.3. Mounting and choice of adhesives

Samples that need to be doubly polished should be mounted on a
slide. For structurally stable samples the first side can be polished with-
out support. If the sample is fragile, vesicular or fractured, it will have to
be impregnated with a bonding agent before the first polishing. Small


image of Fig.�5

60 F.W. von Aulock et al. / Lithos 206-207 (2014) 52-64

samples, such as crystals containing glass inclusions, also have to first be
mounted to a slide using a resin or glue. Several different adhesives are
commonly used and each has specific properties that have to be consid-
ered before use.

* Crystalbond™ 509 is an adhesive that can be melted onto the sample
at ~100 °Cand removed with acetone. Crystalbond™ is a good choice
for both adhesive and impregnation purposes as long as the samples
are small. Handling is particularly easy and the mounted sample can
be adjusted at any time. When one side of the sample is polished,
the slide is heated to soften the crystal bond, and the sample can be
flipped to the other side. Further advantages are its fast setting times
and excellent solubility in acetone. Polishing should be done manually
or at very slow speeds on a lap wheel to avoid softening of the
Crystalbond™ due to heat production during preparation. For small
samples and very porous samples that need large volumes to be filled,
Crystalbond™ is preferred for its ease of handling, but it must be en-
sured that the short periods of heating during polishing do not alter
the sample.

Superglue (ethyl-2-cyanoacrylate) has a very defined chemical com-
position, is a strong adhesive and binds quickly at room temperature.
It can be removed with acetone and residues can be easily spotted as a
white film or fibrous material under the microscope. Superglue is
stronger than Crystalbond™ if used in small volumes, which may pre-
vent low surface area samples from flaking from the slide during
polishing. Removing the glue takes longer compared to Crystalbond™,
and the short hardening time can make handling challenging.
Thinning the superglue with acetone is a good way of extending the
working time, although it can produce bubbles in the set glue,
which lowers the stability of the sample during cutting and polishing.
Epoxy resins such as Araldite® or Epo-thin™ offer the highest stability
of the adhesives and also act to fill sample voids. They are less brittle
and so easier to handle as well, because they take longer to set, but are
more difficult to be removed from the sample and the resultant sam-
ple spectra can thus show contamination. Care must be taken to en-
sure that the epoxy does not interfere with the measurements.
Characteristic epoxy peaks are easy to detect and contaminated
areas can be excluded from the sample data (Fig. 6).

Orthodontic resin (Orthocryl®, Dentaurum) makes it easier to hold on
to small samples while polishing the first side of the section and de-
creases the chances of loss during sample preparation. The Orthocryl
consists of a powder and a liquid which together will take about
30 min to set. By alternating powder and liquid, a small mount of

Fig. 6. Distribution of epoxy resin in a cracked glass around a spherulite (von Aulock et al.,
2013) measured at 2973 cm ™. False color map recorded with an FPA detector. Warm
colors show elevated absorbances. The confined distribution helps to identify cracks and
to dismiss data that could be affected by the presence of the resin.

the Orthocryl can be built around the sample, giving it more bulk
and stability for the polishing process. Any hydrophobic cream can
be used (such as petroleum jelly) to keep the sample from sticking
until the resin has fully set.

4.4. Polishing

Samples have to be polished to ultrasmooth surfaces. For this, it is
best to polish with decreasing grit sizes down to at least 1 um; however,
the best results are achieved with a grit size of 0.25 pm. The actual
choice of material and grits depends on individual preferences and on
properties of the samples, but a reliable choice is (in ISO/FEPA grit)
P800-P1200-P1500-P2000 as wet silicon carbide papers. At P2000
the average particle diameter is 10.3 pm. Lower grain sizes are best
polished under rolling grain. If the measured area contains cracks, bub-
bles, crystals or the sample is very small (<3 mm, depending on the
skills and equipment of the operator), care has to be taken not to polish
shoulders into grain boundaries. Small samples should also be entirely
covered with Crystalbond™ or other structuring adhesives if possible
to make sure that the sides also remain embedded and enough surface
area exists to effectively parallel polish the samples. However, it is pos-
sible to begin the grinding if the crystal protrudes from the crystal bond
initially as long as the melt inclusion of interest is not too close to the
protruding side. Embedding polishing aids of similar hardness, such as
little pieces of colored glass, quartz or garnets at a distance from the
sample, can help keep a parallel polish by adding resistance to the oth-
erwise comparatively soft adhesive. If the samples have similar refrac-
tive indices as the adhesive, coloring of the sample with an acetone-
soluble pen can make it easier to check the progress of the work.
These can be avoided by using ceramic polishing dishes instead of felt
polishing covers where possible, and minimizing overall polishing
times. If the sample is very brittle or contains crystals or other objects
that could break loose, felt is a better choice to avoid scratches. In any
case, ample sample lubrication should be provided at all times. As lubri-
cants, water can be used and for finer grit polishing, lubricants contain-
ing propylene glycol (available as common antifreeze for combustion
engines) or similar are suitable choices.

4.5. Melt inclusions

Sample preparation for crystals with melt inclusions is similar to that
for larger samples. Single crystals are mounted onto a glass slide using a
removable adhesive. Prior to that, melt inclusions can be identified
using immersion oil (with a refractive index identical to the mineral
host). Because of the potential for boundary layer effects during trap-
ping of melt inclusions, large melt inclusions (>50 pm) may be a better
representation of the bulk volatile composition (Baker, 2008; Lu et al.,
1995; Roedder, 1984). As crystals can break or become dislodged from
the slide, polishing should be done gently either manually or using a
lap at a low speed. Once one side of the crystal is polished until the de-
sired melt inclusion is intersected, the crystal may be flipped onto its
other side, either by dissolving the adhesive with acetone or by soften-
ing it on a hot plate. If the heating method is used, as soon as the crystal
is flipped it should be pushed and moved gently to ensure that the flat
side sits firmly on the glass slide to avoid making a wafer with a wedged
shape.

5. New analytical capabilities

One of the most significant advances in for the FTIR analysis of volca-
nic glasses are the possibilities of 2-dimensional distribution measure-
ments at spatial resolutions near- or at the diffraction limit at very
high signal-to-noise ratios. Two of these techniques are discussed
below, using either synchrotron light sources and/or focal plane array
(FPA) detectors, combined with high precision motorized microscope
stages (Della Ventura et al., 2010, 2014; Mormone et al., 2011).
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5.1. Synchrotron IR sources

Synchrotron radiation is becoming more widely available to the sci-
entific community and its use in FTIR microscopy opens up new possi-
bilities for the microanalysis of volcanic glass. Synchrotron source FTIR
offers many advantages over traditional laboratory-based instrumenta-
tion. These include spatial resolutions approaching the diffraction limit
in the mid-IR region (Carr and Williams, 1997), and a significantly
brighter light source, greatly improving the signal-to-noise of a system.
The high collimation of a synchrotron source means more light passes
through the aperture at small openings compared to globar sources.
Miller and Smith (2005) show that at an opening of 10 pm, more than
80% of the radiation of a globar source is blocked by the aperture, com-
pared to less than 20% of a synchrotron light source, and thus the signal-
to-noise ratio remains high while fewer scans are required. These
benefits collectively mean a user can analyze more samples in a given
analytical session while still obtaining data of high quality, allowing
highly detailed two dimensional chemical maps to be collected. Issues
arise when mapping large areas however, due to the necessary but
time consuming point-by-point raster mapping technique required to
create these highly spatially resolved chemical images.

5.2. Focal plane array detectors and data volumes in imaging FTIR

FPA detectors, when combined with FTIR microscopy, allow for the
fast micromapping of samples using a globar light source. Globar
sources are ideal for these systems as FPA detectors require a source ca-
pable of illuminating all elements on the array simultaneously. Each in-
dividual detector element is capable of measuring the intensity of the
light transmitted through a sample across the full spectral range of the
system. The application of FPA detectors to FTIR microscopes has
opened up many opportunities to map large areas in two dimensions
at a fraction of the time it takes to map using a standard system, howev-
er typically these maps collect at lower spatial resolutions than achieved
by point-by-point mapping at a synchrotron source. An innovative
modification of the IRENI (IR Environmental Imaging) beamline, at the
Synchrotron Radiation Centre (SRC), Wisconsin, USA, acts to solve this
problem by splitting an incident synchrotron IR beam into 12 individual
beams that are then used to illuminate an FPA detector (Nasse et al.,
2011). There is very little reduction in synchrotron signal and this ap-
proach permits very rapid acquisition of 2D maps at the diffraction
limit across the mid-IR region.

A recent and exciting application of the multi-beam FPA approach is
three-dimensional spectral imaging with spectromicrotomography
(Martin et al., 2013). Pioneered at the IRENI beamline, this approach
operates like conventional X-ray CT microtomography insofar as the
sample is rotated through the light path and several images are collect-
ed by the FPA at different sample positions. The effective wave attenua-
tion that occurs during interaction with IR active species in the material
is used to reconstruct individual images into a three-dimensional ren-
dering of the object. Instead of material density, which the traditional
X-ray CT approach tracks, it is the concentration and spatial distribution
of IR-active chemicals within the sample that are portrayed in the re-
construction (Fig. 7). Fig. 7 shows one such 3D scan (Martin et al.,
2013) and depicts the relative concentrations of silicate glass (brown)
and hydroxyl groups (blue).

5.3. Data volumes and typical data collection parameters in imaging FTIR

A vast amount of data can be collected during FTIR measurements,
particularly when using FPA microscopy. In most cases a resolution of
between 4 cm™ ! and 8 cm™ ! is sufficient. The number of averaged
scans per measurement point should be checked for new samples, but
for most applications 64 or even 32 scans are adequate if the signal is
at a reasonably high level to keep measurement times at a minimum
without compromising the quality of the data. The choice of apodization

1%;:;

Fig. 7. Volcanic glass sample scanned at the IRENI beamline and rendered by 3D FTIR
spectromicrotomography (Martin et al., 2013). A small volcanic glass filament from the re-
cently erupted Puyehue-Cordon Caulle volcano in Chile was extracted from a volcanic
bomb that was rapidly quenched at the time of eruption. This tiny filament of glass repre-
sents a frozen-in record of the formerly high-temperature melt and the magmatic water
dissolved within this glass: specifically, molecular (H,0) and hydroxyl groups (OH ™)
bound to the silicate network are the target of analysis because these species control the
physical properties of silicate melts, including its density and viscosity. Fifty spectral im-
ages over 180° were acquired and the 3D volume for every spectral point was
reconstructed.

function can lower the spectral resolution, however when focusing on
relatively wide peaks across condensed phase samples, a high spectral
resolution is not the highest priority. Therefore, a strong apodization
function such as a three-term Blackman-Harris window is often used.

6. Data analysis for volatile concentration mapping in volcanic glass

Based on Beer's law, the volatile contents of a sample can be quanti-
tatively determined using FTIR spectroscopy. This is the same for FTIR
imaging analysis, except that it has to be decided whether constant
physical parameters and curve parameters can be assumed for a range
of different measurements. Slight peak shifts and different baseline
levels throughout bulk spectra across a sample can introduce systematic
errors. At the same time measurements should be kept as simple as pos-
sible to ensure that the results are reproducible. In most cases, the ab-
sorption is measured as the peak height, which does not mean that
this method gives more reliable data. Especially at lower signal-to-
noise ratios, the placement of a baseline can be difficult. However,
most literature only presents extinction coefficients for peak height es-
timations. The baselines for the water-bands in the mid-IR range are
commonly linear. Due to the sheer number of spectra collected in map-
ping and imaging spectroscopy, data have to be analyzed in bulk and not
every individual spectrum can be checked. Therefore it is very impor-
tant to check for systematic changes in the baseline. This can be caused
by fringes at the base of an absorption peak or changes in the same spec-
tral region (e.g. at 1830 cm™'). Despite these limitations, a blanket
treatment of all spectra of one map provides consistency, transparency
and traceability of data analysis for peers.

6.1. Measurement of maps and ways to display results

In samples that are heavily textured and show complicated water
distribution patterns, care has to be taken to choose the measurement
distribution (e.g. spots, lines, dimensions or area to be analyzed). To en-
sure significance of the data, spot measurements or even a profile of the
volatile distribution is often not sufficient and a 2-dimensional distribu-
tion map has to be measured. Hidden textures or chemical heterogene-
ities can often be identified by also measuring the area surrounding the
area of interest (Fig. 4). This can either be done by using FPA detectors or
by setting up a grid (map) measurement using a motorized microscope
stage. However, contour maps displaying the distribution of the peak of
interest are often misleading and may imply a higher lateral resolution
across the map than actually measured. A grid where the measurement
spots are highlighted is a simple way of showing the actual number of
measurements taken across the grid while also showing enough of the
photomicrograph of the sample behind (Fig. 8).
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Fig. 8. Two ways of showing the same data of the integration of the total water band (at 3576 cm™ ') around a small bubble in volcanic glass. Showing spots instead of a 3D graphic reveals
that the sharp increases are in fact just artifacts inside the bubble rather than increases of water around this particular bubble. Warm colors indicate high absorbtivities of total water. The

bubble measures ~30 um in diameter.

7. Applications in volcanology

Recent publications have highlighted the importance of accurate and
precise measurements of volatiles in volcanic glasses and melt inclusions
at high spatial resolution using FTIR techniques. These include experi-
mental studies (Iacovino et al., 2013; McIntosh et al., 2014) and studies
on natural samples (e.g. Berlo et al., 2013; Cabrera et al., 2010; Castro
and Dingwell, 2009; Liu et al., 2007; Owen et al., 2012; Watkins et al.,
2012). High spatial resolutions make it possible to resolve the diffusional
gradients that occur in silicate melts at temperatures and timescales com-
mon during volcanic eruptions (e.g. Cabrera et al., 2010; Castro and
Dingwell, 2009; McIntosh et al.,, 2014; Watkins et al., 2012). Better con-
straints on volcanic temperatures and timescales are invaluable to im-
proving and validating volcanic models. Recent work has highlighted
that volatiles exsolve, re-dissolve and equilibrate in the melt during volca-
nic processes and volatile distribution profiles provide us with timescales
of all three processes (von Aulock et al., 2013). Timescales of days to
months were observed by von Aulock et al. (2013) in patterns of re-disso-
lution in perlitic, spherulitic obsidian by constraining the timescales at
which volcanic glass alters in volcanic domes. Watkins et al. (2012)
showed increased volatile contents towards vesicles in obsidian that indi-
cate re-dissolution driven by pressure fluctuations at conduit levels in
volcanoes, forming textures similar to the vesicle textures observed and
described by Carey et al. (2012). In a study of water concentration gradi-
ents across small scale faults in obsidian, Cabrera et al. (2010) show that
two juxtaposed layers of different water contents equilibrated within less
than 30 min and adapted to lower pressures or higher temperatures. Von
Aulock showed volatile equilibration in experimental samples at time-
scales greater than 12 h. The high spatial and quantitative resolutions
now achievable using FTIR spectroscopy, particularly at a synchrotron
source help to constrain volatile gradient profiles which can be used to
distinguish processes modeled at different initial volatile contents, tem-
peratures and pressures. Combining textural analysis with models of dif-
fusion can give a better understanding of timescales of the growth and
closure of vesicles and cracks (Carey et al.,, 2012; McIntosh et al., 2014;
Watkins et al., 2012).

Melt inclusions in phenocrysts provide information on volatile con-
tents of melts at the time of crystal growth (e.g. Metrich and Wallace,
2008; Wallace, 2005). Recent studies have defined volatile gradients
in melt inclusions towards their crystal hosts and have used these to
elucidate timescales of crystal ascent and/or re-equilibration related to

the residence time in a magma chamber (e.g. Bucholz et al., 2013;
Lloyd et al., 2012). Water in nominally anhydrous minerals can be mea-
sured down to small quantities of a few parts per million (Peslier, 2010).
Effects of the orientation of the crystal lattice can be additionally con-
trolled by using polarized light (e.g. Bellatreccia et al., 2005). Such stud-
ies can help to model water contents in a variety of geological
environments such as the young moon (Hui et al., 2013) or the Earth's
interior (Demouchy et al.,, 2006; Jacobsen et al., 2005). New techniques
higher resolution and automated data collection make it now possible
to measure more data points, with less signal to noise and reduced
error bars. These data then give more insight into a greater range of
magmatic regimes and properties while improving the quality of vola-
tile content databases.

8. Conclusions

FTIR is a potent method for analyzing volatiles in volcanic glasses.
New possibilities of increased spatial resolution and faster processing
of arrays of data present the opportunity for both two and possibly
three-dimensional chemical maps of volatile concentrations at
diffraction-limited spatial resolutions in the mid-IR region. However,
sample preparation and the choice of measurement parameters are
still in the hands of the operator. In order to encourage the community
of geosciences to use modern FTIR techniques such as FTIR microscopy
coupled to an FPA detector, or synchrotron-sourced FTIR microscopy,
we present an advice for the standardization of sample preparation,
measurement and data analysis
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